Introduction
Design of reinforced concrete cantilever bridge deck slabs without shear reinforcement is generally governed by the action of concentrated loads of heavy vehicles ( Fig. 1) , which may cause shear, punching shear or flexural failures. Amongst these potential failure modes, shear is the most common governing failure mode under quasi-static application of concentrated loads [1] [2] [3] [4] . The concentrated loads resulting from heavy vehicles have a repetitive nature and may cause potential stiffness and strength reductions due to fatigue effects [5] . Fatigue failure modes are the same as the static ones and can be due to rebar fracture and/or failure of concrete.
Investigation of fatigue behavior in shear has mainly focused in the past on three and four-point bending tests on reinforced concrete beams without shear reinforcement (Fig. 2a ). An extensive summary on this topic can be found in Ref. [6] . Beams can fail in bending or shear in both static and fatigue tests (bending failures being associated to rebar fracture or concrete crushing). Shear-fatigue failures were first studied by Chang and Kesler [7, 8] . They observed two potential failure modes: diagonal-cracking failures (where failure takes place by development of a diagonal shear crack) and the shear-compression failures (where failure takes place when the propagation of the shear crack reduces the depth of the compression zone to an extent such that it can no longer resist the acting compressive forces).
However, it should be noted that the results obtained for beams and one-way slabs are not directly applicable to cantilever slabs subjected to concentrated loads. This is justified as beams do not exhibit a two-way action and consequently cannot redistribute their internal forces due to bending and shear cracking [4] . Moreover, the ratio between the maximum acting moment m max and the maximum acting shear force v max in cantilever slabs at the support is lower than for cantilever beams with the same shear span [2] .
With respect to fatigue testing of reinforced concrete slabs without shear reinforcement under concentrated loads, previous research has mainly focused on simply supported or inner slabs [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] supported on two or four edges, refer to Fig. 2b and c. Table 1 presents some geometric properties of available experimental evidence. With respect to typical deck slabs of concrete bridges, it can be observed that several specimens have relatively low thicknesses (< 100 mm) and others have low reinforcement ratios q (6 0:2%, including specimens even with no flexural reinforcement) or fairly large ones (> 1:5%).
To the author's knowledge no tests are available on cantilever deck slabs (Fig. 2d) , whose mechanical behavior may significantly differ from simply supported slabs [4] . In order to provide such experimental evidence, an experimental programme has been performed at the Ecole Polytechnique Fédérale de Lausanne (Switzerland). The specimens are full-scale slabs (3.00 m Â 3.00 m Â 0.2 5 m) with a central line support and subjected to a single concentrated load on both sides of the support. Four static tests were performed on two slabs (two tests per slab and load location) and eleven fatigue tests on eight slabs (four slabs per load location).
Other topics as the influence of moving loads [14, 15, 19] or the influence of impact loading on shear strength [20] are not investigated within this paper.
Test campaign

Test specimens
Ten slabs (FN1-FN10) were tested. The slabs had the dimensions of 3.00 m Â 3.00 m Â 0.25 m and contained only flexural reinforcement. 
Notation
Material properties
Normal strength concrete was used in all slabs. Conventional reinforcing bars were used in the specimens. The average reinforcement mechanical properties of 3 tests per diameter are presented in Table 3 and the stress-strain relationships in Fig. 4 .
Test setup
The test setup is shown in Fig. 5 . The specimen was supported in the middle by means of a 80 mm I-shaped aluminum profile. On each side of the web of the profile, 30 strain gauges were glued with a 100 mm spacing (refer to Fig. 5e ) to record the vertical strains of the profile and consequently the reaction forces, calculated by assuming an elastic behavior of the aluminum and considering a constant strain at the contributing area of each gauge. Reasonable agreement was found between the total measured reaction and the total applied force, with relative errors at maximum load of less than 15% for all tests. At the interface between the aluminum profile and the tested slab there was a thin layer of plaster of about 3 mm, in order to level the surfaces.
The loads were introduced by means of two hydraulic actuators fixed on a steel frame connected to the strong floor of the laboratory. The loading area was 400 mm Â 400 mm in-plane and load was applied through a 10 mm thick neoprene pad. Each load was introduced in this area by means of four 200 mm Â 20 0 mm Â 40 mm steel plates, loaded in turn by a 280 mm Â 2 80 mm Â 40 mm steel plate. Between the top and bottom plates, steel spheres (30 mm diameter) were placed at the center of the bottom plates ( Fig. 5c and d ). This device was designed in order to distribute the load as uniformly as possible over the square contact area and is consistent to the dimensions of the fatigue load model of EN1991-2 for road bridges [21] .
Two different loading locations were investigated, corresponding to a clear distance from the line support (a v ) of 440 mm and 680 mm (Fig. 3 ), corresponding to 2:1d and 3:2d respectively, where d(¼ d xt ) is the nominal effective depth of the slab.
After failure occurred on one side of the slab, that side was strengthened using steel external profiles and plates bolted on top and bottom faces, by means of prestressed bars. After strengthening, the test was continued leading to a second failure on the other side.
Test procedure
Two slabs were tested quasi-statically in order to obtain the reference static strengths (F Ref ) for each location of the load. Each slab provided two reference tests (duplicated values).
The fatigue loading was done in a combined force-displacement control mode. The forces of the two actuators were controlled taking advantage partially of the symmetry conditions of the test. The average force of both jacks was kept constant and both forces corrected to keep the relative displacement between them lower than 10 mm. Differences between maximum applied forces on both sides were lower than 1% for five tested slabs (FN3 and FN7-FN10), between 2-3% for two other slabs (FN2 and FN4), and 3.1% for the remaining one (FN5).
The target ratio R between the minimum (F min ) and the maximum (F max ) applied forces was 0.10, and the actual values varied between 0.09 and 0.12, refer to Table 4 . These values are reasonable as in actual bridge deck slabs the ratio R of the traffic load is 0.0, yet dead load is also acting. A qualitative representation of the fatigue loading history is given in Fig. 6 .
For each load location four different levels (LL) of maximum applied load were used. The maximum applied load was corrected in order to account for small differences of concrete compressive strength between fatigue and reference tests as follows: For the free shear span a v ¼ 680 mm, the target loading levels LL were 60%, 70%, 80% and 90%, and for a v ¼ 440 mm 80%, 85%, 90% and 95%.
The fatigue loading was applied with a loading frequency of 1 Hz and for some specimens with 0.75 Hz and 0.5 Hz close to failure (FN9 and FN10, due to the required hydraulic debit of the actuators (related to the large displacements experienced by the slabs)).
Measurements
Continuous measurements were performed during the fatigue tests, namely the applied forces and the displacements measured by the actuators, thickness variation (up to fifteen points around each loading plate), the strains of selected rebars at some locations using strain gauges, and crack openings (up to ten locations) after the first loading cycle. In addition, measurements were taken in quasi-static tests at selected loading cycles (refer to Fig. 6 ), namely the aluminum profile strains (distribution of reaction forces) and the vertical displacements (up to fourteen points).
Test results
Static reference tests
The quasi-statically tested slabs (reference specimens) failed in shear, in a similar manner as the tests reported in [4] . Table 4 presents the maximum loads for all static tests. For both loading locations, once the maximum load was attained, the slabs presented a softening behavior, with a significant decrease of the applied load for increasing displacements (refer to Fig. 7a and c) .
The crack pattern on the top surfaces developed parallel to the linear support in the central region, while on the bottom surface, cracking was mostly perpendicular to the support line and concentrated near the loading area, refer to failure crack in the central section of the saw-cuts (refer to Fig. 7a and c) was similar to shear cracking of beams (one-way slab strips) without shear reinforcement. For the largest shear span, the shear crack developed almost horizontally in the compression zone (soffit of the slab) near the edge of the support. In this case, the shear crack intercepted the top transverse reinforcement with a steep angle and at a distance approximately equal to d from the edge of the loading plate. The concrete cover spalled in this region due to dowel action of the main reinforcement. For the shorter shear span, the shear crack was steeper and straighter on average, also intercepting the upper main reinforcement at a distance approximately equal to d from the edge of the loading plate. The critical shear crack of both slabs seems to develop from a flexural crack at a certain distance from the loading plate (and not from the tip of the loading plate). Additionally it exhibits a horizontal branch close to the load due to dowel action, allowing to classify these failures as typical shear failures and not as punching failures around the load. The reaction along the support line could be estimated (refer to Fig. 7e-h ) based on the strain at each of the thirty locations of strain gauges of the I-shaped aluminum profile. As previously observed in a similar experimental series [4] , close to failure the reaction in the central region increases at a lower rate or even decreases transferring the load to the adjacent regions. The level of load at which this phenomenon is observed is consistent with those observed for the development of the inclined shear crack, whose vertical opening is related with the increase of thickness of the slabs recorded during the tests, refer to Fig. 8 for a representative case. The figure also shows that the reaction tends to concentrate in the middle part of the support line as the applied force at the concentrated load increases (associated to the uplift of the extremities).
Fatigue tests
All slabs except FN5 (a v ¼ 440 mm; target LL ¼ 80%), FN9 (a v ¼ 680 mm; target LL ¼ 70%) and FN10 (a v ¼ 680 mm; target LL ¼ 60%) failed in shear-fatigue without rebar fractures. Table 4 presents the main results of the test campaign. Fig. 9 depicts the Wöhler diagrams for each loading position normalized by the average failure loads of the static reference tests. The ratio between the maximum applied loads (fatigue strength) and the static shear strengths are normalized with the square-root of the concrete compressive strength ( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi f c;Ref =f c;fat q ).
The slabs that failed in shear-fatigue presented similar crack patterns as the static reference specimens (refer to Figs. 10 and 11). The slabs which exhibited rebar fractures eventually failed in shear as well (except FN9-W), due to excessive flexural crack openings that propagated into critical shear cracks. This failure mode is similar to the shear failure observed after yielding of longitudinal reinforcement described in [22] . Tests with a free shear span a v ¼ 680 mm that failed with rebar fractures presented eight transversal 20 mm rebar fractures located at the top surface in The test with free shear span a v ¼ 440 mm which presented rebar fractures is somewhat different from previous cases. Three 20 mm rebars failed between the center line and one loading plate, at the intersection between the critical shear crack that developed from a flexural crack and the main flexural reinforcement, not developing a flexural mechanism. Dowel action might have generated additional stresses in the rebars due to local bending. This might have potentially contributed to an increase of the fatigue damage in these bars.
All bars failing under fatigue cycles were extracted from the tested specimens after failure to confirm fatigue failures, refer to Fig. 13 .
Determining the cycle when the first 20 mm rebar failure took place was performed through cross-interpretation of the strain evolution measured in strain gauges placed at the center of some selected 20 mm rebars and the evolution of crack openings (devices to track crack opening evolution were placed at selected cracks after the first loading cycle), refer to Fig. 14 for two representative cases. When a top transversal 20 mm diameter rebar failed, the measured strain in the failed rebar diminished abruptly and the strain measurement in adjacent bars increased noticeably. This phenomenon could also be tracked by devices which measured crack openings in the vicinity of the failed bar, as a rebar failure contributes to larger crack openings. The determination of the cycle when the 10 mm bars failed was not possible. All slabs that failed due to rebar fractures presented a remaining life after the first 20 mm rebar fracture occurred. The slabs FN9 and FN10 (a v ¼ 680 mm) that developed a full flexural mechanism exhibited a significant one, 24.5% and 46.9% of the total endurance in this regime respectively, while FN5 (a v ¼ 440 mm) whose bars failed due to dowel action only had an additional 8.3% of the endurance in this state. It is relevant to note that the number of cycles until the first 20 mm rebar fracture for FN5 was approximately twice the number of FN9.
The fatigue loading led to progressive stiffness reductions for all tests. This phenomenon could be observed in the load-deflection evolution curves, refer to Fig. 15 for a representative case.
The linear reaction also varied with the fatigue loading. Close to failure, for both test types failing with or without rebar fractures, load transfer from the central region to the adjacent ones was observed, refer to Fig. 16 for a representative case. This is consistent with the observed results for quasi-static (reference) specimens near failure and confirms the capacity of these members to redistribute internal forces near failure.
Analysis of the test results
In the following, the results of the tests will be compared with the fib-Model Code 2010 [23] shear-fatigue provisions that depend on the static shear strength. To that aim, the static shear strength will be calculated based on the fib-Model Code 2010 as well as using the Critical Shear Crack Theory (CSCT), as they are both based on mechanical models and allow a physical understanding of the observed phenomena [4] .
First, a number of test results on statically determinate beams will be presented in order to understand the shear-fatigue behavior without any potential redistribution of internal forces. Such comparison with Eurocode 2 [24] approach can be found in [6] . Then, the results on cantilever slabs (with the potential to redistribute internal forces) will be compared.
fib-Model Code 2010 shear-fatigue provisions
The fib-Model Code 2010 proposes for reinforced concrete members without shear reinforcement the following S-N relationship between the endurance N, the maximum applied force V max and the static shear strength V Ref (refer to [4] ):
4.2. Fatigue tests on beams without shear reinforcement [7, 8, [25] [26] [27] [28] [29] [30] [31] [32] [33] . The used database was created by Gallego et al. [6] . The reference static shear strength was calculated both with the fib-Model Code 2010 and the CSCT. Only tests with a distance between the centers of the support and of the load larger than three times the effective flexural depth are presented to avoid any potential arching action. These criteria lead to a reduction from 100 to 87 tests for the comparison with the fib-Model Code 2010 published by Gallego et al. [6] .
Shear-fatigue failures on beams without shear reinforcement only seem to occur at maximum applied loads larger than approximately 50% of the static shear strength calculated according to both models. This is consistent with the threshold value proposed in EC-2 (R ¼ 0) [24] . 
Static shear strength of beams and cantilever slabs
The shear strength of reinforced concrete beams without shear reinforcement according to the fib-Model Code 2010 is based on the Simplified Modified Compression Field Theory [34] . For cantilever slabs under concentrated loads, the control section is located at d 6 a v =2 from the support and the shear force at that section is calculated by dividing the applied load by an effective width following a geometric rule [23] . Arching action is taken into account assuming that the contribution of point loads applied within a distance of d 6 a v 6 2d from the face of the support to the design shear force may be reduced by the factor 
The CSCT for reinforced concrete beams without shear reinforcement is thoroughly presented in [35] . The application of this theory to cantilever slabs subjected to concentrated loads is presented in detail in [4] . The acting shear force at the control section located at d=2 from the support is calculated on the basis of a linear elastic analysis and is averaged over a distance equal to 4d to take into account shear redistributions due to both bending and shear cracking [4] . Similarly to what has been reported for cantilevers subjected to distributed load [36] , also arching action is considered for loads closer than 2:75d from the linear support:
More details on how to apply these two approaches for cantilever slabs can be found in [4] . [4] . The shear strength is underestimated by both approaches even in the quasi-static tests. This probably refers to the fact that the potential redistributions of shear forces (two-way action of the slabs) are estimated in an excessively conservative manner by the proposed effective distances where the shear force is averaged in both approaches. As the number of cycles increases, the safety margin seems to remain approximately constant (same slope for predictions and tests), indicating the pertinence of the shear-fatigue prediction and the presence of internal forces redistribution also for fatigue specimens. In addition, the test results seem to confirm that the fibModel Code 2010 provides excessively safe estimates of the shear strength for loads acting close to the support (a v =d < 3). This result is consistent with previous experimental investigations [4] . It can be noted that the values of maximum applied load were relatively high (60% or more of the static shear strength) and thus no fatigue threshold was observed.
Tested cantilevers slabs
Conclusions
This paper presents the results of an experimental programme on the fatigue behavior of reinforced concrete cantilever slabs subjected to concentrated loads near linear supports. The results are investigated and finally compared to the strength predictions of the fib-Model Code 2010 and the Critical Shear Crack Theory (CSCT). The main conclusions of this paper are:
Fatigue loading of cantilever slabs with two-way action exhibits a similar influence on the shear strength as in beams (one-way slabs) without transverse reinforcement, decreasing the shear strength with increasing number of cycles. Redistribution of internal forces has been measured (by means of the reactions of the tested specimens) for cantilever slabs failing both under quasi-static and fatigue loading. The redistribution of forces enhances the shear strength of cantilever slabs with respect to equivalent beams in shear. Design models as the fib-Model Code 2010 or the CSCT seem to estimate in a safe manner the amount of internal force redistribution that potentially may develop, leading to conservative estimates of the actual shear strength. The fib-Model Code 2010 provides excessively safe estimates of the shear strength for loads acting close to support lines. This observation is consistent both for quasi-static and fatigue loading and indicates potentially an underestimate of the actual arching action. 
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